Introduction
polymerase complexes could adopt a chromatin configuration, facilitating RPA-mediated activation of the ATR kinase. Indeed, alterations in the structure of chromatin have previously been proposed to initiate checkpoint signaling (Bakkenist and Kastan, 2003) . However, whether UV-induced chromatin alterations can directly activate the DDR without previous processing of the UV lesion has not been fully resolved. Most experimental data indicate that initial lesion recognition or processing by either transcription, replication or NER is required to trigger checkpoint signaling by UV radiation. Nevertheless, assembly of checkpoint damage sensors at non-processed UV-damage sites has also been reported (Jiang and Sancar, 2006) . Furthermore, experiments using Saccharomyces cerevisiae indicated that UV-induced checkpoint activation can occur independently of replication or NER (Giannattasio et al., 2004; Zhang et al., 2003) and is initiated by breakage of DNA strands, possibly as a result of spontaneous decay of damaged DNA (Giannattasio et al., 2004) . Also, non-dividing NER-deficient XP-A cells have been shown to accumulate PCNA foci by an unknown mechanism long after UV irradiation (Miura et al., 1992) .
Here we investigate the DDR in non-dividing cells after UV exposure. We show that repair-proficient and repair-deficient cells display a distinct, but temporally different damage response after UV-C irradiation. In both normal and GG-NER-deficient cells, this response depends on the ATR kinase and results in activation of the G1 checkpoint. In the absence of repair, the UV-induced checkpoint activation coincides temporally with the formation of single-strand breaks, as well as damage-specific recruitment of the chromatin-binding factors PCNA, gH2AX and TopBP1. We demonstrate that this process depends, at least in part, on the activity of Ape1. Our data support a model of checkpoint activation in the absence of repair as a consequence of NER-independent processing of UV lesions, which ultimately prevents the transition from G1 to S phase.
Results

Enhanced UV-induced damage signaling in quiescent fibroblasts deficient in GG-NER and TC-NER
To examine how UV-induced DNA lesions activate the DDR in non-dividing cells, we measured p53 and Ser15-phosphorylated p53 levels in normal, CSB and XP-C-deficient human fibroblasts following irradiation with UV-C. We checked the non-dividing state of the primary human fibroblasts after reaching confluence by BrdU or EdU labeling: the frequency of positive cells was less than 4% depending on the cell strain used. Two hours after exposure to 8 J/m 2 of UV-C, repair-proficient normal human fibroblasts (NHFs) displayed an induction of phosphorylated p53 (Fig. 1A ), but at later time points, the levels of p53 phosphorylation were reduced. By contrast, exposure of CSB-deficient cells lacking functional TC-NER resulted in both phosphorylation and accumulation of p53, which was most pronounced between 8 and 72 hours after UV exposure (Fig. 1A) . These data are consistent with previous reports demonstrating that both active GG-NER and persistent transcription blockage by UV activate p53 (Ljungman et al., 2001; Marini et al., 2006; Yamaizumi and Sugano, 1994) . To determine whether UV lesions activate the DDR independently of GG-NER or UV-induced transcription blockage, we examined GG-NER-deficient XP-C fibroblasts that repair transcribed DNA and can overcome RNA polymerase stalling. In XP-C cells, the amount of phosphorylated p53 was marginally enhanced 2 hours after UV exposure, but steadily increased up to 72 hours (Fig. 1A) . The increase in phosphorylation coincided with an increase in the total level of p53 as well as induced expression of the G1-S checkpoint regulator protein p21. Prolonged activation of this checkpoint , as indicated by lightning bolts. At time 0, medium containing 20% FBS and EdU was added to all samples with the exception of the G0 control. At times 0 and 15 hours, mock-irradiated samples (fix 0 hr, fix 15 hr) were fixed to validate the absence of S phase cells. All UV-exposed samples, as well as an unexposed control (fix 24 hr) were collected at 24 hours. (C)XP-C cells are blocked in G1 after UV exposure. Bar graph indicating the progression from G0-G1 to S phase relative to the unexposed control NHF and XP-C cells (fix 24 hr) as determined by EdU incorporation. Values were normalized by setting the S phase population in unexposed cells to 100%. The percentage of S phase cells (not normalized) in unexposed NHF and XP-C samples (fix 24 hr) was 67% and 34%, respectively. cascade was also observed in XP-A cells lacking both GG-NER and TC-NER (Fig. 1A) . Although both XP-A and CS-B cells efficiently accumulated p53 and p21, a reduction in protein levels was observed at 72 hours after UV exposure. This reduction coincided with increased cell death, as shown by activated caspase 3 (Fig. 1A) , which is a consequence of their deficiency in TC-NER (Andera and Wasylyk, 1997; Ljungman and Zhang, 1996) . No decrease in viability was observed in either normal or XP-C cells. Despite the absence of GG-NER in XP-C cells, the repair of transcribed DNA in these cells is as efficient as in normal cells (Venema et al., 1991) . These results therefore suggest that nonrepaired UV lesions provoke a checkpoint response independent of both NER and DNA replication.
XP-C cells are arrested in G1 after UV irradiation
We hypothesized that the constitutive phosphorylation of p53 and the upregulation of p21 in XP-C cells after UV would impact the G1 to S phase transition when cells are stimulated to divide. By contrast, the transient upregulation of p53 and p21 in normal repair-proficient cells is expected to only temporarily delay cell cycle progression. To test this hypothesis, normal and XP-C cells were arrested in the G0-G1 stage of the cell cycle by serum starvation and subsequently stimulated to enter S phase by reintroducing serum. Next, we analyzed the cell cycle distribution in normal and XP-C cells after different recovery periods following UV irradiation or mock treatment (Fig. 1B) . Mock-treated normal and XP-C cells entered S phase 15 hours after release from the low-serum block. When cells were UV irradiated at the G1-S transition, both normal and XP-C cell populations showed a significant fraction of cells progressing into S phase, despite the presence of UV photolesions ( Fig. 1C and supplementary material Fig. S6 ). UV irradiation of normal human cells just before serum block removal, resulted in a reduced progression into S phase when compared with cells exposed just before S phase entry. This was unexpected, because normal cells will repair a large fraction of the UV photolesions during the intervening 15 hours. The reduced S phase entry therefore probably reflects the transient upregulation of checkpoint proteins in normal cells. Extended incubation of normal human cells in G0 after UV exposure reduced the level of phosphorylated p53 and p21 and led to unperturbed entry of normal cells into S phase (Fig. 1C) . XP-C cells, however, were strongly arrested in G1, when irradiated just before serum block removal, with only few cells reaching S phase. Moreover, the impaired S phase entry could not be alleviated by allowing the cells more time to recover after UV exposure (Fig. 1C) , demonstrating that S phase entry of XP-C cells was persistently restricted following UV exposure. This cell cycle block coincided with the extended induction of the checkpoint proteins p53 and p21 in XP-C cells, as shown in Fig. 1A .
Persistent phosphorylation of histone H2AX in UVirradiated GG-NER-deficient cells
Activation of the cell cycle checkpoints by signal transduction cascades depends on members of the phosphoinositol-3-kinaselike kinase family such as the ATM and ATR proteins. Once activated, these kinases phosphorylate downstream targets that are part of the DDR, such as p53 and histone H2AX. In repairproficient human cells, histone H2AX is phosphorylated following the formation of DSBs and during apoptosis, but also after UV exposure of both dividing and stationary cells (Marti et al., 2006; Ward and Chen, 2001 ). We locally UV irradiated quiescent repair-proficient and repair-deficient fibroblasts to examine phosphorylation of H2AX. Shortly after local UV irradiation, repair-proficient human cells displayed H2AX phosphorylation (gH2AX) at the UV spots, but this phosphorylation disappeared in time ( Fig. 2A) probably because of excision of UV photoproducts. This rapid phosphorylation was absent in XPA-and XPC-deficient cells; however, gH2AX became clearly visible in local UV spots at later time points (24 and 48 hours). At these late time points, the frequency of colocalization of UV spots (CPDs) with gH2AX ( Fig.  2B ) in XP-A and XP-C cells was 98% or more. Similar results (Fig. 2C) were obtained with NER-deficient primary mouse dermal fibroblasts derived from Xpa -/-mice (de Vries et al., 1995; Nakane et al., 1995) , although the gH2AX signal was lower at 1.5 hours after UV relative to human cells, possibly because of low DDB2 expression in mouse cells (Pines et al., 2009 ). Together, these data provide evidence for the existence of an additional DNA-damage signaling route that is independent of stalled replication forks or active NER (Marini et al., 2006; Marti et al., 2006; Ward and Chen, 2001) .
To check whether delayed phosphorylation of H2AX is a general feature of cells lacking functional NER proteins, we quantified the amount of immunostained gH2AX. In normal human cells, H2AX became phosphorylated within 90 minutes of UV exposure (8 J/m 2 ) and returned to control levels within 24 hours ( Fig. 2D and supplementary material Fig. S1 ). Similarly to normal cells, XP-E cells (proficient for TC-NER but defective in GG-NER of CPDs) (Hwang et al., 1999) and CS-B cells are capable of forming gH2AX within 90 minutes of UV exposure (Fig. 2D ), probably reflecting their ability to efficiently remove 6-4PPs. By contrast, both XP-A and XP-C cells failed to display gH2AX during the first 90 minutes after UV; instead, a strong gH2AX signal appeared in both cell strains 24 and 48 hours after UV exposure. In XP-C cells, the amount of gH2AX continued to increase up to 48 hours, although at 24 hours, the level of gH2AX was lower when compared with XP-A cells.
Interestingly, despite having defects in NER, neither XP-E nor CS-B cells displayed persistent H2AX phosphorylation, even though the absence of a functional TC-NER pathway in CS-B cells resulted in robust activation of checkpoint proteins ( Fig. 1A ) (Ljungman et al., 2001) . The delayed formation of gH2AX in XP-A and XP-C cells is therefore more likely to be a consequence of impaired GG-NER. Corroborating this, we also observed gH2AX 24 hours after UV exposure in XP-F and XP-G cells, both of which have a defect in the GG-NER pathway (supplementary material Fig. S1 ).
The ATR-TopBP1 pathway is activated in both normal and GG-NER-deficient cells
H2AX is a known phosphorylation target of the ATM, ATR and DNA-PK cs kinases. Using immunofluorescence, we quantified gH2AX in normal, AT (deficient in ATM) and ATR-Seckel (deficient in ATR) cells following UV exposure. Whereas quiescent AT cells phosphorylated H2AX as efficiently as normal cells upon UV, gH2AX formation was severely impaired in ATR-Seckel cells (Fig. 2D ) in agreement with previous reports (Matsumoto et al., 2007; O'Driscoll et al., 2003) . Next, we identified the kinase responsible for delayed UV-dependent phosphorylation of H2AX in GG-NER-deficient cells. Treatment of XP-C cells with the ATM kinase specific inhibitor KU55933 did not impair UV-mediated phosphorylation of H2AX (supplementary material Fig. S1 ). Because ATR is activated after UV in NER-proficient cells, we tested whether a similar, albeit delayed, activation occurs in NERdeficient cells. SiRNA-mediated knockdown of ATR in normal human cells (supplementary material Fig. S1 ) resulted in a reduction of H2AX phosphorylation that was similar to that in ATR-Seckel cells (Fig. 3A) . Depletion of ATR in XP-C cells also resulted in a profound reduction in gH2AX levels 24 hours following UV exposure, establishing a role for ATR kinase in delayed DNA damage signaling. This conclusion is further corroborated by siRNA-mediated depletion of TopBP1 (supplementary material Fig. S1 ), an ATR-interacting protein and crucial activator of the ATR kinase during replication stress (Delacroix et al., 2007; Kumagai et al., 2006) . Following exposure to UV, both normal and XP-C cells treated with TopBP1 siRNA failed to phosphorylate H2AX, whereas control siRNA did not affect gH2AX formation (Fig. 3A) . These data indicate that NER-dependent repair of UV lesions, as well as persistent non-repaired UV lesions, initiates checkpoint signaling by an ATR-and TopBP1-dependent pathway.
Using immunofluorescence, we were unsuccessful in visualizing the recruitment of ATR or its binding partner ATRIP to sites of local UV damage in either normal or XP-C cells. Possibly, low levels of target protein or insufficient affinity of antibodies prevented the detection of minor changes in protein distribution. Despite the inability to detect ATR and ATRIP, we did observe a UV-dependent colocalization of TopBP1 with gH2AX in normal human cells 1 hour after local UV exposure (Fig. 3B ). At this time point, neither TopBP1 nor gH2AX spots were visible in XP-C cells. By contrast, gH2AX and TopBP1 colocalized in UV spots in XP-C cells 24 hours after treatment.
The binding of ATR and ATRIP to DNA is mediated by the single-stranded DNA binding protein complex RPA . Apart from its function in ATR checkpoint activation, RPA is a core component of NER. In both normal and XPA-deficient cells, RPA localized at local UV damage sites within 30 minutes of irradiation, whereas no such localization was found in XP-C cells (Rademakers et al., 2003) (Fig. 3C) . XP-A and XP-C cells differ in the compositions of preincision NER complexes. Whereas XP-A cells are capable of assembling an abortive preincision complex, including RPA (Rademakers et al., 2003; Volker et al., 2001) , XP-C cells only recruit DDB2 (Wakasugi et al., 2002) . However, RPA was recruited to local UV spots in XP-C cells 24 hours after UV exposure, demonstrating a central role for RPA in UV-damage signaling in both normal and GG-NER-deficient cells. In spite of this, reduction of ATR activity had no impact on NER, because removal of 6-4PP lesions in ATR-Seckel cells was as efficient as it was in normal cells (supplementary material Fig. S2 ).
GG-NER-deficient cells accumulate DNA breaks
The UV-dependent checkpoint response in GG-NER cells implicates a direct activation by UV lesions in chromatin, or activation as a consequence UV lesion processing. Because DNAdamage-mediated H2AX phosphorylation is generally associated with chromatin containing either single-strand gaps or DSBs, we examined the presence of UV-induced DNA breaks by the alkaline comet assay. In NER-proficient cells, increased DNA tailing was detected 1 hour after exposure to UV, indicating the presence of DNA breaks (Fig. 4A) . No increased tail moments were observed in either XP-A or XP-C cells, indicating that the breaks in normal cells represent incisions by NER. As expected, only relatively few breaks were detected in normal cells 24 hours after 8 J/m 2 UV, when repair of UV photolesions is almost complete. By contrast, both XP-A and XP-C cells accumulated DNA breaks 24 hours after treatment. Because the alkaline comet assay detects both single-and double-stand DNA breaks, pulsed-field gel electrophoresis was performed to specifically detect DSBs in UVirradiated cells. However, this analysis revealed no clear differences between normal and XP-C cells (supplementary material Fig. S3 ). We note here that, owing to the limited sensitivity of the assay, low frequencies of DSBs will not be detected.
Upon exposure to ionizing radiation (IR), gH2AX is known to form nuclear foci that are thought to represent sites of DSBs.
Comparison of the nuclear distribution of gH2AX in IR and UVtreated normal and XP-C cells revealed a clear difference. Whereas 1 Gy of IR induced few but distinct large nuclear foci, UV exposure resulted in a more granular appearance of gH2AX, consisting of many small and less intense nuclear foci when compared with IRinduced foci (Fig. 4B) . We observed no difference in morphology between gH2AX nuclear staining in normal cells 1.5 hour after UV exposure and XP-C cells 24 hours after UV exposure, which is consistent with the UV-induced activation of the ATR-TopBP1 pathway in both normal and XP-C cells. Together, these data show that upon UV exposure, DNA breaks are generated in cells deficient in GG-NER. Furthermore, results of the comet assay, the dependence on ATR and the morphological appearance of the gH2AX foci all suggest that the majority of these DNA breaks are single stranded.
DNA synthesis factors are recruited to sites of UV damage in GG-NER-deficient cells
To gain further insight into the mechanism leading to DNA break formation in XP-C cells, we investigated the recruitment of various repair proteins to sites of UV damage. Upon replication fork stalling, the DNA repair proteins RAD51, BRCA1 and FANCD2 form nuclear foci (Pichierri and Rosselli, 2004; Tibbetts et al., 2000) , but none of these proteins was recruited to local UV spots in non-dividing normal or XPC-deficient cells (supplementary material Fig. S4 ). However, chromatin-bound PCNA was recruited early after UV irradiation in normal human cells, whereas PCNA binding in XP-A and XP-C cells was delayed (Fig. 5A) . PCNA is involved in NER by facilitating the loading of DNA polymerases on chromatin (Shivji et al., 1992) . Indeed, concomitant with PCNA, we found DNA polymerase d (pol d) to be recruited to local UV spots in both normal and repair-deficient cells (Fig.  5A) . Unexpectedly, western blot analysis for PCNA in UV-exposed chromatin fractions revealed high molecular weight PCNA (Fig. 5B ) co-migrating with ubiquitylated PCNA from UV-exposed cycling cells (Kannouche et al., 2004; Ogi et al., 2010) . In S phase cells, PCNA ubiquitylation activates translesion synthesis (TLS) (Hoege et al., 2002) . Also, in quiescent repair-deficient cells, we found a pronounced accumulation of the TLS polymerase h (pol h) at local UV spots long after exposure (Fig. 5C ). We note here that in normal cells, some pol h and PCNA also localized at damaged DNA 24 hours after UV, particularly at high UV doses (Fig. 5C ). Although we were unable to detect DNA synthesis 24 hours after UV using BrdU, consistent with previous findings (Miura et al., 1992) , a low level of incorporation was detected by EdU labeling in line with the recruitment of pol d and pol h in XP-A cells (supplementary material Fig. S6 ).
DNA break induction in UV-irradiated XP-C cells is mediated by Ape1
We focused on Ape1 as a possible candidate to incise UV-irradiated chromatin of NER-deficient cells. Although Ape1 is the major endonuclease in base excision repair (BER), it has also been implicated in repair of oxidatively damaged bases and exocyclic bulky DNA lesions by a process termed nucleotide incision repair (NIR) (Daviet et al., 2007; Ischenko and Saparbaev, 2002) . Moreover, the observation that Xpc -/-mice with one functional Ape1 allele displayed an increased predisposition to UVB-induced skin cancer (Cheo et al., 2000) points to a role of Ape1 in UV lesion processing. We used siRNA to deplete Ape1 to assess a potential role in the generation of DNA breaks in NER-deficient cells. A limited depletion of Ape1, in the order of 50%, resulted in markedly lower levels of gH2AX and chromatin-associated PCNA in UV-irradiated XP-C cells (Fig. 6A) . Single-cell analysis confirmed that cells expressing low levels of Ape1 have reduced levels of gH2AX (supplementary material Fig. S5 ) and alkaline comets revealed significantly fewer breaks in Ape1-depleted cells when compared with non-depleted cells (Fig. 6B ). To establish a direct activity of Ape1 on UV-damaged DNA, we performed an in vitro endonuclease activity assay using purified Ape1 protein. As shown in Fig. 6C , Ape1 incised an oligonucleotide containing a single 6-4PP, albeit with low efficiency, whereas an identical nondamaged oligonucleotide remained uncut. The incised fragment was identical in size to the UVDE-cut 6-4PP oligonucleotide, indicating that Ape1 incises, primarily, directly 5Ј of the lesion. Cutting of a single CPD-containing oligo was very much reduced when compared with an oligo harboring a 6-4PP (Fig. 6C) . These results are consistent with the finding that in vivo photoreactivation of CPDs had no effect on gH2AX formation, whereas photoreactivation of 6-4PPs strongly reduced the gH2AX formation (Fig. 6D) . Together, these data demonstrate the ability of Ape1 to incise UV-damaged DNA in vivo, particularly at 6-4PPs.
Discussion
Persistent UV damage triggers the DDR in non-dividing mammalian cells
UV radiation provokes an ATR-kinase-mediated damage response initiated by stalled replication and transcription as well as repair. Although transcription arrest and GG-NER have been identified as events that elicit phosphorylation of p53 (Ljungman et al., 2001; Marini et al., 2006) , these studies only addressed early events following damage induction (i.e. up to 8 hours). In this study, we examined the damage response for extended time periods. We show that a deficiency in GG-NER is sufficient to activate the DDR in UV-irradiated non-dividing XP-C and XP-A cells. Checkpoint proteins p53 and p21 continued to accumulate over time in TC-NER-proficient XP-C cells without apparent cell death, consistent with other findings (McKay et al., 2000) . We propose that in the absence of stalled replication and transcription, nonrepaired UV photolesions elicit an ATR-dependent damagesignaling response, ultimately preventing G0-G1 cells from entering S phase upon proliferation stimulus. It is very unlikely that the dominant mechanism to activate ATR in non-dividing XP-A and XP-C cells is the direct recognition of UV lesions by checkpoint proteins. Based on in vitro experiments, Sancar and colleagues (Choi et al., 2007) suggested that ATR in the presence of TopBP1 is capable of phosphorylating Chk1 when DNA containing bulky base lesions, such as the UV-mimicking lesion N-acetoxy-acetylaminofluorene adduct, is present. Two observations strongly argue against this mechanism: first, the absence of TopBP1 localization at UV-damaged DNA early on in vivo and second, the slow kinetics of checkpoint activation in XP-C cells.
Single-strand DNA gaps trigger the DDR
A likely explanation for the checkpoint activation is the accumulation of single-strand DNA gaps in XP-C and XP-A cells despite their repair defect. Single-stranded DNA coated with RPA is the archetype structure for activating the ATR kinase. RPAcoated single-stranded DNA gaps formed during NER provoke a signaling reaction, as demonstrated by the rapid induction of ATRmediated damage signaling in repair-proficient cells (Matsumoto et al., 2007) . Our data reveal that H2AX is also phosphorylated in GG-NER-deficient human cells and in mouse Xpa -/-dermal fibroblasts; the latter exclude residual GG-NER to account for gH2AX formation. The ATR and TopBP1-dependent phosphorylation of H2AX in UV-irradiated cells is probably mediated by single-strand breaks, given that single-stranded DNA can induce H2AX phosphorylation at Ser139 (Matsumoto et al., 2007; Ward and Chen, 2001 ) and that kinetics of gH2AX formation mimic the slow induction of DNA strand breaks. The role of RPA in recruiting the ATR-ATRIP signaling complex is exemplified by its late (24 hours) localization at UV damage in XP-C cells. Yet, binding of RPA to chromatin per se is not sufficient for ATR activation, because XP-A cells very rapidly recruit RPA to UV photolesions as part of an abortive NER reaction (Rademakers et al., 2003) without instant formation of gH2AX. In XP-A cells, gH2AX was only present after formation of DNA breaks (24 hours after UV), in line with reports showing that the ATR activator TopBP1 is loaded onto chromatin via the Rad9-Hus1-Rad1 (9-1-1) clamp (Delacroix et al., 2007) , which in turn is loaded on recessed DNA ends (Bermudez et al., 2003; Ellison and Stillman, 2003; Majka and Burgers, 2003; . Moreover, different compositions of abortive preincision NER complexes might affect this loading process, indicated by different levels of gH2AX in XP-A and XP-C cells in spite of similar frequencies of DNA breaks. In XP-A cells, TFIIH, XPG and RPA are assembled in a preincision complex (Rademakers et al., 2003; Volker et al., 2001) , whereas in XP-C cells only DDB2 is recruited (Wakasugi et al., 2002) . We speculate that the preincision complex in XP-A cells facilitates a more open DNA structure that is more prone to induce late DNA damage signaling, explaining the differences in H2AX phosphorylation between XP-A and XP-C cells at 24 hours.
In summary, DNA strand breaks activate the UV-induced DDR and although we cannot exclude a role of DSBs, our data favor a key role for single-stranded DNA gaps in the UV-induced signaling in NER-deficient cells. This conclusion is based on the presence of RPA and the ATR-dependent signaling after UV exposure, whereas the ATM kinase, activated upon DSBs, did not contribute to gH2AX formation.
Early and late UV responses in CS-B cells are activated by different mechanisms
Whereas the early UV response in CS-B cells is nearly indistinguishable from that in GG-NER-proficient cells (i.e. gH2AX and SSBs were transiently detectable after UV exposure) we note that phosphorylation of p53 in CS-B cells persisted for up to 72 hours, whereas SSBs and gH2AX no longer exceeded the background level seen in non UV-irradiated cells. Hence, formation of Ser15-phosphorylated p53 generally followed the kinetics of H2AX phosphorylation except for CS-B cells. This is despite the fact that phosphorylation of p53 due to transcription stalling is mediated by ATR (Derheimer et al., 2007) . The absence of breaks suggests that p53 phosphorylation is mediated by a different mechanism that is possibly independent of the 9-1-1 clamp and TopBP1 or, alternatively, phosphorylated p53 in CS-B cells might represent a stable form of p53, which is resistant to degradation and dephosphorylation during this time course.
Persistent 6-4PPs provoke the formation of single-strand gaps and trigger the DDR
The kinetics of H2AX phosphorylation in XP-E cells lacking functional DDB2 (Hwang et al., 1999) mimicked the kinetics of repair-proficient normal human cells despite their deficient CPD repair. Likewise, wild-type mouse dermal fibroblasts that lack significant repair of CPDs as a result of reduced expression of DDB2 (Itoh et al., 2004; Pines et al., 2009; Tan and Chu, 2002) do not display late gH2AX phosphorylation, whereas Xpa -/-mouse dermal fibroblasts displayed H2AX phosphorylation. Photoreactivation of 6-4PPs in UV-irradiated human XP-C cells abolished H2AX phosphorylation, whereas photoreactivation of CPDs had no effect. We conclude, that the late appearance of gH2AX in NER-deficient cells is primarily caused by non-repaired 6-4PPs.
APE1 initiates a DDR in non-dividing repair-deficient cells
In vitro, Ape1 is capable of incising 5Ј of a defined 6-4PP and to a much lesser extent CPDs, suggesting that Ape1 might incise UVirradiated chromosomal DNA in vivo and induce DNA breaks in repair-deficient cells. Consistently, UV irradiation of Ape1-depleted XP-C cells led to reduced levels of DNA breaks, gH2AX and chromatin-associated PCNA through a different mechanism to oxidative DNA damage repair (Jiang et al., 2008; Vasko et al., 2005) . Ape1 is the major endonuclease involved in base excision repair, cleaving 5Ј of abasic sites. Although this is considered to be its dominant function, Ape1 has also been implicated in the processing of oxidatively damaged bases by nucleotide incision repair (NIR), a process in which Ape1 removes aberrant nucleotides without prior removal of the damaged base (Daviet et al., 2007; Ischenko and Saparbaev, 2002) . In addition, Ape1-mediated cleavage of exocyclic bulky adducts containing DNA has also been demonstrated (Hang et al., 1996) . For both oxidative and exocyclic DNA lesions, the endonucleolytic incision was immediately 5Ј of the lesion. We speculate that direct recognition of UV lesions (i.e. 6-4PPs) by Ape1 leads to incision activity analogous to the Schizosaccharomyces pombe UV damage endonuclease (UVDE) (Takao et al., 1996) . The UVDE protein efficiently incises UV photolesions directly 5Ј to the lesion, thereby facilitating repair. In addition, UVDE incises abasic sites, dihydrouracil and mismatches (Goosen and Moolenaar, 2008) , thus sharing the broad substrate specificity displayed by Ape1. Although these proteins are not structural homologues, the mechanism of lesion processing is similar: following the 5Ј incision, both Ape1 and UVDE require PCNA and the Fen1 5Ј to 3Ј exonuclease activity to subsequently remove the damaged nucleotide. Consistently with our results, it has been shown that a single incision 5Ј to a UV lesion is sufficient for loading PCNA on DNA (Staresincic et al., 2009) .
PCNA responds to UV damage in a NER-and replicationindependent manner (Li et al., 1996; Miura et al., 1992) ; however, it is questionable whether this truly results in complete repair. First, UV exposure of XP-A cells is accompanied by a very modest level of DNA synthesis that is traceable only by sensitive EdU labeling. Second, the increased levels of ubiquitylated PCNA, together with recruitment of the TLS polymerase h in UV-exposed repair-deficient cells, resemble the response of S-phase cells to UV damage (Kannouche et al., 2004) . Effective loading of pol h requires a stalled ubiquitylated PCNA clamp (Zhuang et al., 2008) , providing further indication that the incised DNA cannot be readily repaired. Furthermore, ubiquitylation of PCNA depends on RPAcoated single-stranded DNA (Davies et al., 2008) . The accumulation of RPA-containing repair intermediates supports our hypothesis that processing of UV lesions activates the ATR checkpoint kinase. Further repair would require the removal of damaged nucleotides, a process that, if analogous to NIR, would depend on the 5Ј to 3Ј exonuclease activity of Fen1. However, in contrast to single oxidized bases, this step would require the removal of two covalently linked bases in the case of 6-4PPs. Whether Fen1 actually engages in the process of lesion removal and is capable of removing 6-4PPs remains to be determined.
Together, the data suggest that Ape1 initiates processing of UV lesions by creating single-stranded DNA nicks that are converted into DNA gaps; these events are unlikely to result in repair of the lesions. As a consequence, DNA damage signaling, as evidenced by phosphorylation of H2AX and p53, invokes a pronounced cell cycle arrest. This underlines the importance of NER in counteracting the effects of Ape1-mediated processing of UV lesions, as demonstrated in mouse cancer studies. Xpc -/-mice with one functional Ape1 allele display an increased predisposition to UVB-induced skin cancer when compared with Xpc -/-mice (Cheo et al., 2000) . However, the Ape1 haploinsufficiency with respect to skin cancer predisposition is only manifest in the absence of functional NER. We speculate that Ape1 haploinsufficiency in the absence of GG-NER reduces the cutting of persistent photolesions and thereby activation of cell cycle checkpoints allowing damaged cells to enter S phase and accumulate mutations.
We noticed that high-dose UV exposure of repair-proficient human cells (when NER saturates) induces similar effects to those seen in repair-deficient cells, i.e. delayed recruitment of PCNA, pol h and gH2AX, indicating that retarded or incomplete repair of UV photolesions in normal cells also activates the DDR. Human skin epidermis from healthy individuals accumulates non-dividing basal cells that contain high levels of unrepaired damage (Mitchell et al., 2001 ). The accumulation of DNA damage might be due to differences in the expression of repair genes in these epidermal cells. In addition, it is known that non-dividing mammalian cells including melanocytes and keratinocytes can be stimulated to divide by external stressors such as UV radiation (Cohn et al., 1984) and 12-O-tetradecanoylphorbol-13-acetate (TPA) (Nijhoff et al., 2007) in the presence of DNA damage. Therefore, this newly identified pathway might also be relevant for the general population.
Materials and Methods
Cell culture
Fibroblasts used in this study include VH10 hTert (control), CS1AN hTert (CS-B), XP21RO hTert (XP-C), XP25RO hTert (XP-A), AT4BI (AT), GM01389 (XP-E) and GM18366 (ATR-Seckel). Cells were grown in DMEM supplemented with 10% fetal calf serum, penicillin and streptomycin. Three days before experiments, medium was changed to DMEM supplemented with 0.2% serum fetal calf serum, penicillin and streptomycin.
The KU55933 ATM inhibitor was used at a final concentration of 10 M and was a gift from Kudos Pharmaceuticals. Cells were pretreated 30 minutes before irradiation. For the expression of photolyase, lentiviral vectors were created by Gateway recombination of 6-4PP and CPD photolyase genes into the pLenti6.3/V5-DEST vector (Invitrogen). Virus was made using the ViraPower HiPerform Lentiviral Expression System (Invitrogen). Confluent cells were infected and UV irradiated 3 days after infection. Directly after UV irradiation, cells were exposed to photoreactivating light (425 nm) for 1 hour. 48 hours after UV exposure, cells were fixed and immunostained.
RNA interference
Short interfering RNA (siRNA) duplexes used were as follows: 5Ј-AACGA -GACUUCUGCGGAUUGC-3Ј (ATR) (Wang and Qin, 2003) , 5Ј-UACUCCAG -UCGUACCAGACUU-3Ј (Ape1), smartpool siRNA targeting the TopBP1 transcript and smartpool non-targeting siRNA (Dharmacon). Cells were transfected using Hiperfect (Qiagen) according to the manufacturer's protocol. For knockdown of Ape1, two sequential transfections were performed. Immunostaining and comet assay experiments were performed 48 hours after the final transfection.
Immunofluorescence and western blotting
The following antibodies were used: mouse anti-PCNA (Abcam ab29 clone For local UV irradiation, the cells on coverslips were covered with an isopore polycarbonate filter with pores of 8 m diameter (Millipore, Bradford, MA) during UV irradiation with the Philips TUV lamp (Volker et al., 2001 ). Subsequently, the filter was removed, the medium was added back to the cells and cells were returned to culture conditions. For fluorescent labeling, the cells were fixed either immediately in 3% formaldehyde in PBS following a 10 minute incubation with 0.5% Triton X-100 or CSK buffer (100 mM NaCl, 300 mM sucrose, 10 mM PIPES pH 6.8, 3 mM MgCl 2 , 0.5% Triton X-100) on ice. Antibody incubations were performed at room temperature and cells were counterstained with DAPI. Images were captured with a Zeiss Axioplan2 microscope equipped with a Zeiss Axiocam MRm camera using either a Plan-NEOFLUAR 40ϫ/1.30 or 63ϫ/1.25 objective. For quantification of fluorescent signals, the camera exposure time was set based on the signal intensity in NHF 1.5 hours after UV; moreover, the exposure time remained constant for samples within an experiment. Fluorescence intensity of randomly captured images was quantified using Zeiss Axiovision software.
EdU labeling of cells was done by addition of 10 M EdU to the culture medium. EdU was detected using an Invitrogen EdU imaging kit following the manufacturer's protocol. The chromatin fractions for western blot were prepared by incubating cells for 10 minutes in CSK buffer containing protease inhibitors on ice followed by centrifugation. The pellet was resuspended in CSK buffer and sonicated.
Comet assay
Alkaline comet assay was performed as described previously (Cramers et al., 2005) with the following modifications: electrophoresis was performed for 15 minutes at 1 V cm -1 ; slides were stained with SYBR Green I (Invitrogen) and automated analysis was performed using a Zeiss Axio imager M1 with Plan-APOCHROMAT 10ϫ/0.45 objective and Metasystems CometScan software.
Flow cytometry analysis
EdU was added to the cells 24 hours before fixation except for the 'fix 15 hr' samples, which were incubated with EdU for 15 hours. Cells were collected and stained for EdU and DNA using the Click-iT EdU flow cytometry assay kit from Invitrogen according to the manufacturer's protocol. Cells were analyzed using a BD LSR II flowcytometer (BD Biosciences) using FACSDiva 5.0 software. Results were analyzed with WinMDI 2.8 software. Experiments were done twice and single parameter (PI) flow cytometry was also performed.
Ape1 endonuclease activity assay
The Ape1 endonuclease activity was determined by an oligonucleotide cleavage assay, as described previously (Yacoub et al., 1997) . Reaction mixtures (20 l) containing the recombinant protein Ape1 (1 pmol) (Pines et al., 2005) or UVDE (1 pmol) (Moser et al., 2005) , 0.040 pmol of [ 32 P] 5Ј-end-labeled double-stranded oligonucleotide, 50 mM HEPES, 50 mM KCl, 10 mM MgCl 2 , 1 mg/ml BSA and 0.05% Triton X-100 (pH 7.5) were incubated for 5 minutes at 30°C. The reaction was terminated by addition of 3 l 0.33 M EDTA, 3.3% SDS and 2.4 l glycogen (4 g/l) followed by ethanol precipitation. The incision products were separated on a 20% polyacrylamide gel containing 7 M urea.
The following DNA substrates were used: 5Ј-CTCGTCAGCATCTTCATCATAC -AGTCAGTG-3Ј (undamaged), 5Ј-CTCGTCAGCATCTTCATCATACAGTCAGTG-3Ј (6-4PP) and 5Ј-CTCGTCAGCATC-TCATCATACAGTCAGTG-3Ј (AP site), where 'TT' or '-' indicate the position of the 6-4PP and abasic site, respectively.
